Introduction
Plants have developed a machinery of defense against pathogens during the long-term co-evolution with pathogens, including activation of pathogenesis-related (PR) genes and accumulation of phytoalexins in face of pathogen attack. In the past decade, extensive studies have identified many key components involved in defense signaling in Arabidopsis [1] [2] [3] [4] . In particular, systemic acquired resistance (SAR) is a mechanism that can activate defense responses in distant tissues uninfected and confer a long-lasting protection against subsequent infections by a broad spectrum of microbes [4, 5] .
SAR requires the signal molecule salicylic acid (SA) and is associated with the accumulation of PR proteins in intact distant tissues. SA is essential for the establishment of not only local resistance but also SAR during plant-pathogen interactions. In particular, SA plays crucial role in defense response against biotrophic pathogens [5, 6] .
It has been shown that the majority (69%) of SA accumulated in systemic leaves was generated and transported from the initial tobacco leaves inoculated with tobacco mosaic virus [7] . However, the argument on whether SA is the mobile signal lasted decades of years. Until to 2007, Park et al. [8] discovered that an SA derivate methyl salicylate (MeSA) is the mobile signal in tobacco SAR establishment, accompanying the participation of the high SA affinity esterase SABP2 [9] [10] [11] [12] . MeSA is synthesized from SA by an SA methyl transferase [13] , moved to the uninfected leaves through the phloem, and then converted to SA by SABP2 to establish SAR [8] . Similar SABP2 gene family AtMES was also identified in Arabidopsis, which encoded potentially active a/b fold hydrolases. Three members AtMES1, -7, or -9 are SABP2 functional homologs, suggesting that MeSA is a conserved SAR signal in Arabidopsis and tobacco [14] . However, a later study showed that most of MeSA is emitted into the atmosphere, and only a small amount is retained in plants [15] . Moreover, the abilities of MeSA generation and SAR establishment do not coincide in several Arabidopsis defense mutants, and mutants that are completely lack of MeSA induction still increase systemic SA levels and develop SAR upon pathogen inoculation. Therefore, MeSA is likely dispensable for SAR at least in Arabidopsis [15] .
Modifications of phytohormones play important roles in hormone bioactivity and homeostasis whereby plants grow, develop, and respond to diverse environments. Oxidation, methylation, esterification, glucoslyation, and amino acid conjugation are major modification types of hormones [6, [16] [17] [18] . Except MeSA as the methylated form of bioactive SA in plants [8, 10, 19] , the major modifications of SA in plants are glycosylation by UDP-glucosyltransferase to form SA 2-O-b-D-glucoside, which is considered as the pool of free bioactive SA [20] . Plant hormones conjugated with amino acids also constitute a large part of hormone forms. One of the early auxin-responsive gene family GH3 (Gretchen Hagen 3) encodes amino acid conjugating enzyme, which catalyzes the conjugations of hormones indole-3-acetic acid (IAA), jasmonic acid (JA), and amino acids and regulates plant growth, development, and stress responses by accommodating levels and activity of phytohormones [21] [22] [23] . The GH3 family consists of enzymes that catalyze a variety of reactions with a common start step, transferring of AMP from ATP to the carboxylic acid group of an acyl substrate to form an activated acyl-adenylate intermediate [23] [24] [25] . In particular, JAR1 (AtGH3.11) encodes an adenylation synthetase that can catalyze the conjugation of JA with several amino acids, including the most bioactive JA form JA-Ile [22, 23] . Many other GH3 members, such as GH3.2, GH3.3, GH3.4, GH3.5, GH3.6, and GH3.17, also have the activity of IAA-amido synthetase. These GH3 proteins may be responsible for biosynthesis of IAA-amido conjugates discovered in plants, including IAA-Ala, IAA-Leu, IAA-Asp, and IAA-Glu, which are important in IAA metabolism. Particularly, some IAA-amido conjugates act as temporary storage of free IAA. For example, IAA-Ala and IAA-Leu are found to be converted to free IAA through the action of IAA-amido hydrolases [26] [27] [28] . Most recently, IAA-Asp was found to stimulate disease through regulating virulence gene expression, highlighting a novel mechanism that increases plant susceptibility to pathogens through auxin conjugation [29] .
The Arabidopsis GH3.5 protein is a multifunctional acetyl-amido synthetase that shows adenylating activity on both IAA and SA in vitro [21, 23] . Our previous study has shown that gh3.5 plays dual regulation role in both SA and auxin signaling during pathogen infection [30] . Overexpression of the gh3.5 gene in the activation-tagged mutant gh3.5-1D leads to elevated accumulation of both free SA and IAA, and impairs several PR genes-mediated resistance [30, 31] . Salicyloyl-aspartate (SA-Asp) is the only kind of SA-amino acid conjugate found in plants [32, 33] . Previously, GH3.12 was identified as a synthetase to conjugate amino acids with 4-substituted benzoates (SA precursors) and the conjugation was inhibited by SA [34] . However, no enzyme has been identified as the SA-Asp synthetase, and nor its function in plant immunity. We detected high levels of SA-Asp in gh3.5-1D after pathogen infection [30] , suggesting that GH3.5 might also have the capacity of catalyzing the SA-Asp formation. In this study, we reported that GH3.5 can adenylate SA with Asp to form SA-Asp, and that SA-Asp plays a role in activating plant immunity with less growth harm than SA.
Materials and Methods

Plant growth
The Arabidopsis seeds were germinated on plates with 0.5Â Murashige and Skoog (MS) medium after being placed at 48C for 3 days. Then the plates were move to the green house with a 9/15 h light/dark cycle at 19-218C with 70% relative humidity. Seven-day-old seedlings were transferred to soil under the same condition. All genotypes were in the Col-0 background. sid2 was sid2-2, and eds5 was eds5-1.
Expression of the GH3.5 protein The full-length gh3.5 cDNA was amplified from gh3.5-1D with the primers: GH3.5-F 5 0 -GGATCCAAGAAAGAATC TTTAGAGG-3 0 and GH3.5-R 5 0 -ACTCGAGCACTGTT TGTGACCAGGA-3 0 . Two restriction sites GGATCC (HindIII) and CTCGAG (XhoI) were introduced, respectively. The cDNA was inserted into the HindIII and XhoI sites of the expression vector pGEX 4T-3. The expression plasmid was transformed into Escherichia coli strain BL21 (DE3) to produce the glutathione S-transferase (GST)-GH3.5 fusion protein induced by 0.2 mM of isopropyl-b-D-thiogalactoside at 288C. The fusion protein ( 97 kDa) was purified with the MicroSpin GST Purification Module 27-4570-03 (GE Healthcare, Uppsala, Sweden) for enzymatic activity test.
Determination of SA levels
Rosette leaves of 5-week-old plants were treated with 1 mM or 1 mM SA-ASP, then were harvested at each time point, and frozen with liquid nitrogen for following analyses. SA extraction and determination were performed as previously described [30, 35] . In brief, O-anisic acid (O-ANI) was added to each sample as internal standard. The samples were finally dissolved in 20% methyl alcohol. A 5 mm, 15 Â 4.6 mm ID Supelcosil LC-ABZ Plus column (Supelco, Bellefonte, USA) was maintained at 278C and equilibrated in 15% acetonitrile with 25 mM KH 2 PO 4 ( pH 2.6) at a flow rate of 1.0 ml/min. Each sample (100 ml) was injected. The elution process began with 15% acetonitrile with 25 mM KH 2 PO 4 ( pH 2.6) for 1 min, then with a linear increase to 20% acetonitrile for 5 min and maintained for 10 min, and increase to 55% acetonitrile for 17.5 min, finally to 90% acetonitrile within 5 min. SA and O-ANI were quantified using the fluorescence detector with 305 nm excitation/ 365 nm emission for o-ANI and 305/407 nm for SA.
In vitro analysis of SA-Asp synthesis by GH3. 5 The enzymatic activity of the fusion GST-GH3.5 protein to conjugate SA and Asp was assayed in the buffer containing 50 mM Tris-HCl, pH 8.6, 3 mM MgCl 2 , 3 mM ATP, 1 mM dithiothreitol, 1 mM SA, and 1 mM Asp at 228C according to the method described by Staswick et al. [21] , with the
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GST protein as control. The reaction was stopped by adding equal volume methyl alcohol and then the mixtures were centrifuged at 20,000 g for 20 min. The supernatant was diluted with equal volume H 2 O for quantification. The conjugated product (SA-Asp) was quantified with an Agilent 1260 HPLC system (Santa Clara, USA) and detected using the diode-array detector (DAD) with 300 nm. A 5 mm, 4.6 Â 150 mm Zorbax eclipse XDB-C18 column (Agilent Tech-nologies, Santa Clara, USA) was maintained at 258C and equilibrated in 75% H 2 O with 0.1% formic acid and 25% acetonitrile at a flow rate of 1.0 ml/min and 20 ml of each sample was injected. The retention time of SA-Asp was 2.92 min. The SA-Asp standard was synthesized according to the method described by Bourne et al. [33] .
b-glucuronidase activity Marked rosette leaves of 40-day-old PR1::GUS transgenic plants (provided by Dr Philippe Reymond, Department of Plant Molecular Biology, University of Lausanne, Switzerland) were treated with 1 mM SA, 1 mM SA-Asp, or ddH 2 O (with 0.25% alcohol; v/v), respectively. b-glucuronidase (GUS) staining was done as previously described [36] .
For GUS fluorometric determination [36] , soluble proteins were extracted from the leaves grinded in 50 mM NaH 2 PO 4 , pH 7.0, 10 mM ethylenediaminetetraacetic acid, 0.1% Triton X-100, 0.1% sodium lauryl sarcosine, and 10 mM 13-mercaptoethanol (extraction buffer) on ice. The fluorogenic reaction was carried out in 1 mM 4-methylumbelliferylb-D-glucuronide extraction buffer with a reaction volume of 1 ml. Fluorescence was measured with a DyNA Quant 200 fluorimter (Hoefer Pharmacia Biotech, Holliston, USA). Fluorescence of 1 mM 4-methylumbelliferone in reaction buffer was used as standard. Protein concentrations were determined by the dye-binding method of Bradford [37] . GUS activities were calculated from protein concentrations and relative fluorogenic intensities.
Bacterial inoculation and disease assessment
Bacterial strains were grown on King's B medium agar plates at 288C containing proper antibiotics for 2 days. Bacteria were collected and suspended in 10 mM MgCl 2 . After 24 h sprayed with SA, SA-Asp, or ddH 2 O, three leaves of each plant were syringe-infiltrated with a bacterial suspension of 10 5 cfu/ml. All controls were infiltrated with 10 mM MgCl 2 as mock inoculation. The whole treated leaves were immediately harvested after infiltration and 3 days after inoculation. Leaves were gently washed by ddH 2 O for three times and dried with absorbent paper. Five or six leaves were pooled as a sample. Three or four samples for each time point were statistically analyzed. Bacterial growth and colony forming units were measured as previously described [38] .
Analysis of gene expression
For real-time quantitative polymerase chain reaction (qPCR) analysis, plants were harvested and frozen immediately with liquid nitrogen. Total RNA was isolated using Trizol (Invitrogen, Carlsbad, USA), 1 mg of total RNA was converted into cDNA using the SuperScriptw III First-Strand Synthesis System according to the manufacture's instruction (Invitrogen). The cDNA was diluted with 60 ml ddH 2 
Ten-fold serial dilutions (1 : 4 diluted cDNA mentioned above was used as the highest template concentration) of one sample were performed and used in separate PCR reactions to detect efficiencies for each primer pair. Actin2 was used as internal control. The primer pairs used were: Actin2, AGTGTCTGGATCGGTGGTTC and CCCCAGCTTTTTA AGCCTTT; and PR1, TTCTTCCCTCGAAAGCTCAA and CGCTACCCCAGGCTAAGTTT. The products are a 149-bp fragment of Actin2 (At3g18780) and a 201-bp fragment of PR1 (At2g14610), which were confirmed by sequencing. Relative expression levels were calculated by normalizing with Actin2. All values were shown as the mean + SD (n ¼ 3). Similar results were observed in three independent experiments. *P , 0.05, **P , 0.01 were considered significant, based on Student's t-test. H-labeled SA-Asp was synthesized according to the method described by Bourne et al. [33] . Three leaves of each 5-week-old Col-0 plants were smeared with 1 mM 2 H-labeled SA-Asp, followed SA-Asp by inoculating with Psm(avrRPM1) (OD 600 ¼ 1) 3 h later. Mock inoculation was used as control. At 6, 24, 48 h after pathogen inoculation, the smeared leaves, opposite leaves, upper leaves, and systemic leaves were harvested and frozen in liquid nitrogen for SA-Asp measurements.
About 0.1 g frozen leaves were ground in liquid nitrogen to a fine powder using Retsch MM400 mixer mill (Retsch GmbH, Haan, Germany). Then, 1 ml of 90% methanol was added to each sample. Samples were sonicated for 20 min, and centrifuged for 20 min at 15,000 g at 48C. The supernatant was transferred to a new tube, and the pellet was re-extracted with 1 ml 90% methanol. The two supernatants were combined and vacuum dried, and frozen at 2808C. Each sample was re-suspended in 500 ml of 30% methanol.
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2 H-labeled SA-Asp was identified by reverse-phase ultraperformance liquid chromatography-coupled electrospray ionization quadrupole time-of-flight mass spectrometry (UPLC/ESI-QTOF-MS) (Agilent Technologies). A 2.7 mm, 4.6 Â 50 mm poroshell 120E C18 (Agilent Technologies) column was maintained at 258C and equilibrated in 0.1% formic acid with 40% methanol at a flow rate of 0.2 ml/min. The injection volume of each sample was 6 ml. Eluted compounds were detected from m/z 100-1000 using a MicrOTOF-Q hybrid QTOF-MS equipped with an Apollo II electrospray ion source in positive ion modes using the following instrument settings: tune 1700 low 2 GHZ, Nebulizer pressure 40 psig, drying gas N2 350 C 9 l/min, ESI Vcap 4000 V, fragmentor 160 V, skimmer 65 V, and Oct RF Vpp750 V.
Results
GH3.5 catalyzes SA-Asp formation in vitro GH3.5 has adenylation activity on SA in vitro [23] . We first determined the catalytic activity of GH3.5 in SA-Asp biosynthesis in vitro using the GH3.5-GST fusion protein produced in E. coli. As shown in Fig. 1(A) , the GH3.5-GST fusion protein but not the GST protein control could conjugate SA and Asp to form SA-Asp, as revealed by highperformance liquid chromatography (HPLC). The capacity of GH3.5 catalyzing IAA and Asp to form IAA-Asp was used as the positive control ( Supplementary Fig. S1 ). With ultraviolet spectral scanning [ Fig. 1(B) ], SA-Asp has a characteristic absorption peak at 300 nm. The yield of SA-Asp increased linearly along with the reaction time [ Fig. 1(C) , inset]. The standard curve of SA-Asp was constructed by Agilent 1260 HPLC spectroscopy [ Fig. 1(D) ]. These results confirmed that the GH3.5 protein could catalyze the biosynthesis of SA-Asp, and also supported the notion that GH3.5 is a multifunctional acetyl-amido synthetase [23, 30, 39] .
SA-Asp is a weaker inducer of PR gene expression with less growth harm than SA SA plays a critical role in plant defense, especially in the establishment of SAR. However, direct spray-application of high concentration SA causes injury in plants. Therefore, 1 mM is the widely used concentration for SA application in defense studies. Even with this concentration, some visible damage lesions were also caused on Arabidopsis leaves, and 5 mM SA 
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could kill plants completely [ Fig. 2(A) ]. Whereas with the same concentrations, SA-Asp caused less damage than SA did. The damage caused by 3 mM SA-Asp was similar to that by 1 mM SA, and even 10 mM SA-Asp did not kill plants [ Fig. 2(A), Supplementary Fig. S2 ]. Therefore, SA-Asp is less harmful than SA.
Since SA-Asp is largely accumulated in plants after pathogen infection [30] , we suspected that it is not subjected to 
degradation and might have biological activity in immunity activation. We first determined the capacity of SA-Asp induction of the PR1 gene that has been widely used as the SA-mediated immunity marker [5] . Results showed that the PR1 gene could be induced by SA-Asp [ Fig. 2(B) ]. Time-course induction of PR1 showed that the expression level of PR1 is significantly induced by SA (1 mM) at 3 h and gets the peak induction at 12 h [ Fig. 2(C) ]. SA-Asp treatment induced similar pattern of PR1 expression; however, the induction of PR1 expression was much weaker than by SA, with the induction peak at 24 h [ Fig. 2(C) ]. Treatment with 3 mM SA-Asp caused similar tissue damage as 1 mM SA (Supplementary Fig. S2) , and similar induction peak also occurred at 12 h by 3 mM SA-Asp (Supplementary Fig. S3 ). Similar induction pattern was also observed for the PR1 promoter-GUS reporter that is inducible in the presence of the SAR inducers SA and 2,6-dichloroisonicotinic acid [40] , with more and faster induction by SA than SA-Asp in both local and systemic leaves (Fig. 3) . Taken together, we concluded that SA-Asp is a weak inducer of plant immunity.
SA-Asp is not converted into free SA and likely acts as a mobile molecule GH3.12 (PBS3) can conjugate amino acids to 4-substituted benzoates, and the new compounds might trigger SA biosynthesis [34] . We first determined whether SA-Asp could be converted into free SA. We found that the levels of total and 
free SA were not significantly changed in the local and systemic leaves treated with SA-Asp (1 mM and 1 mM) [ Fig. 4(A,B) ]. Results suggested that SA-Asp is not converted into free SA nor primes SA biosynthesis.
MeSA can move to systemic leaves, and is converted into free SA by the SA binding esterase SABP2, thereby acts as a mobile signal in SAR establishment in tobacco [8] but not in Arabidopsis [15] . This encouraged us to investigate whether SA-Asp is a mobile molecule in Arabidopsis. We synthesized 2 H-labeled SA-Asp and treated Col-0 leaves with 1 mM 2 H-labeled SA-Asp together with or without inoculation with Psm(avrRpm1). We measured the levels of Table S1 ). Results showed that a small part of 2 H-labeled SA-Asp could be detected in untreated leaves with both Psm(avrRpm1) inoculation and non-inoculation [ Fig. 4(C) ]. Therefore, we suggested that SA-Asp is likely a mobile molecule in plants, and its mobilization is not stimulated by pathogen infection.
SA-Asp enhances disease resistance to Pseudomonas syringae
We have shown that PR1 could be induced by SA-Asp, indicating that SA-Asp might play a role in the induction of disease resistance in Arabidopsis. To test this hypothesis, the ability of SA-Asp in resistance induction against Pst DC3000 was determined. After treatment with SA-Asp (1 mM) for 24 h, Pst DC3000 was inoculated, using SA (1 mM) as a control. As usually, SA treatment could significantly enhance disease resistance with 0.64-0.9 log decrease in bacterial growth in Col-0, and the SA deficient mutants sid2 and eds5 [ Fig. 5(A-C) ]. SA-Asp (1 mM) treatment also slightly enhanced disease resistance with 0.2-0.41 log decrease in bacterial growth in Col-0, sid2, and eds5 [ Fig. 5(A-C) ]. These results were consistent with PR1 induction [ Fig. 2(B,C) ]. Since 3 mM SA-Asp caused similar tissue damage as 1 mM SA (Supplementary Fig. S2 ) and induced higher PR1 expression compared with 1 mM SAAsp ( Supplementary Fig. S3 ), we also measured disease resistance induced by 3 mM SA-Asp. As shown in Fig. 5(D) , treatment with 3 mM SA-Asp could significantly enhance disease resistance to Pst DC3000.
Discussion
Amido modification of hormones plays an important role in hormone homeostasis, thereby is essential in plant growth and development. For example, the vast majority ( 90%) of 
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IAA exists as IAA-amino acid conjugates, and only ,1% exists as bioactive free IAA in Arabidopsis [41, 42] . It has been reported that many of the gh3 gene family members have the capacity to adenylate IAA with different amino acids to form IAA-amido conjugates, and then play important roles in IAA homeostasis that control plant growth and development [21, 23, 30] . As a defense hormone, the biosynthesis of SA has been extensively studied, and several key enzyme genes have been identified including PAL, ICS1, ICS2, EDS1, and PAD4 [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . However, the turnover of SA in plants has been less studied. SA-Asp is the only SA-amido conjugate found in plants [30, 32, 33] . However, the biosynthesis and function of SA-Asp are elusive. We now confirmed that the acetyl-amido synthetase GH3.5 catalyzes the conjugation of SA and aspartic acid in Arabidopsis. We postulated that SA-Asp found in other plant species is also generated by GH3.5 homologs [32, 33] .
Our previous study has shown that GH3.5 is involved in the biosynthesis of the phytoalexin camalexin likely through directly catalyzing the formation of a novel intermediate indole-3-acyl-cysteinate [ICA(Cys)] [39] . Our current finding further supported the notion that GH3.5 is a multifunctional acetyl-amino synthetase. It will be worth investigating the crystal structure, substrate binding feature, and catalytic core of the GH3.5 protein towards different substrates.
Plants have evolved a complex defense network against different biotic invasion. SAR is an efficient inducible defense mechanism conferring a long-lasting resistance to a broad-spectrum of pathogens. The controversy about the systemic signal(s) in SAR has lasted for decades. There are several candidate signals that contribute to the SAR establishment, including MeSA [8, 53] , jasmonates [54] [55] [56] , azalaic acid [57] , glycerol-3-phosphate [58, 59] , lipid-based molecules [60] [61] [62] , and a group of peptides [63] [64] [65] . Different signals may take part in specific systemic resistance dependent on plant species and invading pathogens. SA-Asp indeed induced the activation of PR genes and defense, albeit at weaker degree than SA (Figs. 2, 3, and 5) . We have shown that SA-Asp can move from treated leaves to untreated leaves [ Fig. 4(B) ]. The potential role of SA-Asp as a mobile molecule in SAR establishment is worthy of being further explored. Moreover, less toxicity raises the possibility of its application as a novel fungicide.
Supplementary Data
Supplementary data are available at ABBS online.
